of the spike discharges was smaller than that recorded before ischemia and the number of spikes composing the burst-like discharges diminished. CAl neurons did not show any hyperexcitability for 5 days. However, his tological examinations revealed widespread neuronal death in the CAl region. These results indicate that the delayed neuronal death in the hippocampal CAl region is induced without postischemic neuronal hyperexcitability. Key Words: CAl region-Delayed neuronal death Hippocampus-Neuronal discharge-Multiple-unit re cording.
charges was fragmentary in such experiments. In the present study, we continuously recorded spon taneous CAl neuronal discharges in the process of the delayed neuronal death in freely moving chronic animals by using a multiple-unit recording tech nique and studied their alterations.
MATERIALS AND METHODS

Preparation
Experiments were performed on 24 male Mongolian gerbils weighing 60-80 g. The animals were anesthetized and maintained with a mixture of 2.5% halothane and nitrous oxide/oxygen (7:3). Body temperature was kept at 37°C with a heating blanket during operative procedures. Through a ventral midline cervical incision, both common carotid arteries were exposed and dissected free of sur rounding tissues, and a 4-0 silk suture was looped around each artery. A 3-cm length of double-lumen catheter was passed from the level of the carotid artery through the muscle layers of the dorsal surface of the neck (Chandler et aI., 1985) . Each end of sutures was threaded through a separate lumen, leaving a loose loop around the artery. The head of the animals was fixed to a stereotaxic appa ratus (David Kopf). A small burr hole for insertion of an electrode was drilled at 1.5-2.5 mm posterior and 1.5-2.5 mm lateral to bregma. The dura was carefully incised.
Two Teflon-insulated stainless-steel wires (diameter 50 f.Lm each) were used for electrodes. The recording elec trode was perpendicUlarly positioned into the stratum py ramidale of the hippocampal CAl region under an elec trophysiological monitor of neuronal discharges. Typical complex spike discharges (Fox and Ranck, 1975) were observed in the site. Then, the electrode was fixed firmly on the skull with acrylic cement and soldered to the pins of an IC socket (Sasaki et aI., 1983) . The depth of the electrode tip was �1.3-1.4 mm from the surface of the brain. A dual-channel FET was connected directly to the head socket and mUltiple-unit discharges were recorded differentially.
Recording and ischemia
At 7 days post operation, recording of spontaneous CAl neuronal discharges was started in freely moving gerbils (n = 16) that exhibited acceptable CAl discharges (amplitude; spike/noise ratio of > 1 .5). The animal was allowed access to food and water ad lib. Conventional signal amplification techniques were used, and spike dis charges were fed into a window discriminator that pro duced pulses. These pulses were recorded on a micro computer system to produce periischemic time histo grams. After recording of CAl spontaneous discharges in a preischemic period for 24 h, 5-min ischemia was in duced in 10 unanesthetized gerbils according to the pro cedure detailed in previous studies (Chandler et aI., 1985; DeLeo et aI., 1987) . Bilateral carotid arteries were oc cluded by gently pulling the suture until the artery was completely occluded between the suture and the center wall of the catheter. Microclips were placed on the suture for 5 min against the exterior end of the tubing to maintain occlusion. Following 5-min ischemic insult, the sutures were cut and removed carefully to restore the blood flow. The recording was continued during 120 h after recircu lation. Care was taken to avoid a drop of the body tem perature during any stage of the experiment. Six gerbils served as control, in which ischemic insult was not per formed and CAl neuronal discharges were recorded for 6 days.
Histological evaluation
At the end of recording of CAl neuronal discharges, the animals were deeply anesthetized with pentobarbital and perfused transcardially with heparinized saline and then with 10% formalin in 0. 1 M phosphate buffer (pH 7.4). The brains were removed and saturated with a cold solu tion of 30% sucrose in 10% formalin. Serial coronal sec tions were cut at 30 f.Lm with a cryostat, mounted on gelatin-coated slides, and stained with hematoxylin and eosin.
RESULTS
Behavioral observation
Immediately after occlusion, the ischemic ani mals showed hyperventilation. After release of oc clusion, they remained depressed for 4-6 h. The Spontaneous multiple-unit discharges were contin uously recorded from 6 of 10 ischemic gerbils that showed spike discharges after recirculation. Ac ceptable spike discharges were not observed in the other four gerbils after recirculation. The amplitude of spike discharges became smaller in these animals (amplitude; spike/noise ratio of <1.5), because of a slight displacement of the electrode brought about by mechanical shock during a manipulation of the ischemic insult; data obtained from these four ani mals were omitted. The recording sites were histo logically confirmed to be located in the stratum py ramidale, and neuronal loss was observed in the CAl region of all six animals ( Fig. lA and B) . Be fore ischemia, fairly constant spontaneous dis charges were recorded from CAl neurons in each animal (Fig. 2) . The range of frequency of spike discharges was 14.2-68.0/s in six ischemic gerbils and the average of frequency was 30.5 ± 17.1/s (mean ± SD). CAl spontaneous spike discharges appeared mainly as bursts, so-called complex spikes (Fox and Ranck, 1975) , and were composed of �8-25 spike discharges (arrows in Fig. 3A) . The spontaneous spike discharges disappeared 8-40 s after the onset of ischemia (Figs. 2 and 3B ), and this silent period continued after the start of recircula tion. Spike discharges reappeared 5-30 min after recirculation and thereafter the frequency of dis charges gradually increased. However, the fre quency of discharges did not return to preischemic levels: It was significantly decreased compared with that in the preischemic period ( Figs. 2 and 4) . The maximal levels of the frequency of discharges were observed 6-12 h after recirculation; however, the levels were at most �40% (8.7 ± 6.9/s) of the preischemic values (Fig. 4) . Furthermore, the am- plitudes of the spike discharges were smaller than those recorded in the preischemic period and the number of spikes composing the complex spike dis charges was diminished: 2-10 spikes (arrows in Fig.  3C ). The frequency of discharges began to decrease gradually � 12 h after recirculation and disappeared 38-75 h after recirculation (Figs. 2 and 4) . In control animals, the spontaneous CAl neuronal discharges were continuously recorded for 6 days. No signifi cant change was found in the frequency of dis charges, the amplitude of spike discharges, or the number of spikes composing the complex spike dis charges (Fig. 4) . Hippocampal damage was not de tected in control animals. Normal-appearing neu rons were detected throughout the CAl region ( Fig.  1C and D) .
DISCUSSION
In the present study, multiple-unit activities were continuously recorded from CAl neurons for 5 days after 5 min of transient ischemia. CAl neurons did not show any hy perexcitability for 5 days; never theless, the CAl neurons showed delayed neuronal death 5 days after ischemia. This result indicates that hyperexcitability is not essential to provoke the delayed neuronal death. The ischemic CAl neurons have been reported to recover their electrophysio logical activity before showing degeneration (Su zuki et aI., 1983; Chang et aI., 1989; Mitani et aI., 1989 Mitani et aI., , 1990 . Suzuki and co-workers (1983) have re ported that gerbil CA I neurons show a threefold increase in the frequency of discharges 7-24 h after ischemia, and Chang and co-workers (1989) have also reported that rat CAl neurons electrophysio- logically recover to preischemic levels 24 h after 10 min of transient ischemia and then show hyperex citability 2 and 3 days after the ischemia. However, in the present study, CAl neurons did not recover electrophysiologically to preischemic levels: The frequency of discharges decreased, the amplitude became smaller, and the number of spikes compos ing the complex spike discharges diminished. The results suggest that CAl neurons were partially damaged during transient ischemia and progressed toward death immediately after recirculation. This difference between our results and those of others may be explained by the difference in the severity of the ischemia. In the present study, transient isch emia was performed in awake gerbils, while in other experiments transient ischemia was performed in anesthetized animals. The severity of ischemia was probably much increased in the present study, and therefore the CAl neuronal activity did not return to preischemic levels after recirculation.
